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Laser peening is an advanced technology for surface engineering. However, the unintentional surface
destruction due to melting degrades the quality and reduces the corrosion resistance. Here we have intro-
duced the nondestructive laser peening using femtosecond lasers with ultrahigh pulse density and ultra-
low pulse energy by a combined approach of experiment, finite element analysis, and molecular
dynamics simulations, taken stainless steel as a paradigm. A reinforcement of 33.6% was achieved on sur-
face hardness of American National Standards Institute (ANSI) 301 stainless steel with the pulse energy of
0.375 lJ (fluence of 0.45 J cm�2) and pulse density of 2 � 108 mm�2, without penalty in surface roughness
compared with conventional nanosecond laser peening. Two-temperature finite element analysis indi-
cates the non-melting of the peening process. Molecular dynamic simulations reveal the pinning mech-
anism on dislocation movement by defect meshes generated during femtosecond laser peening process.
Dislocation pinning, multiplication, and intertwining enhance both the linear and nonlinear mechanical
properties, agreeing well with experiment. With the atomistic insights, our results imply promising
applications of nondestructive laser peening on various surfaces.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a novel emerging surface-modified technology, laser-driven
shock peening is under consideration in a series of applications
in aerospace, medical and automotive industries [1,2]. The plastic
deformation and residual stress in metal surface layers produced
by laser-driven compressive shock wave can effectively improve
the surface performances of fatigue, corrosion and wear [3–6]. Par-
ticularly, laser peening process is suitable for the mechanical
enhancement of metallic surface due to its unique effect, high-
repeatability and reliability, thus attracting extensive attentions
both experimentally and theoretically [7–9].

The fundamental mechanism of conventional nanosecond laser
peening on metallic targets is to introduce high-pressure high-
temperature plasma by ablating the sacrificial coating at the bot-
tom of confinement medium. The generated plasma shock waves
propagate into the solid surface and induce severe compressive
stress. Efforts have been focused on the mechanical improvement
using nanosecond laser peening [10–14]. For instance, the residual
stress profile can be tailored by nanosecond laser peening to
improve surface fatigue life [10]. Grain refinement was
accomplished on the surfaces of American National Standards
Institute (ANSI) 304 stainless steel and LY2 aluminum alloy via
multiple nanosecond-laser shock processing [11,12]. Massive laser
peening impacts can induce deep compressive residual stress on
the surface of ANSI 304 stainless steel and improve its stress corro-
sion cracking behavior [13]. Furthermore, surface phase transfor-
mation and hardness enhancement induced by nanosecond laser
peening were observed of ANSI 321 stainless steel [14].

The conventional nanosecond laser peening requires a protec-
tive coating, which, however, is not easy to supply. With growing
demands in special situations such as nuclear reactor components,
a new route of laser-driven shock peening without protective coat-
ing has been developed in recent two decades [15], which gener-
ates plasma explosion by evaporating the thin layer on the
surface of solid targets. No matter with or without coating, a draw-
back of using nanosecond laser peening is the dramatic increase of
surface roughness caused by melting owing to relatively high pulse
energy. Hence, the accomplishment of simultaneous mechanical
enhancement and high-quality surface remains a substantial chal-
lenge for laser peening technology.

Femtosecond laser has advantages in precise material process-
ing due to its extremely high instantaneous intensity and ultra-
short pulse duration. Even at a low energy, the femtosecond laser
intensity is high enough to induce an intense shock wave into

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2021.109754&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.matdes.2021.109754
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:caoqiang@whu.edu.cn
https://doi.org/10.1016/j.matdes.2021.109754
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


P. Wang, Q. Cao, S. Liu et al. Materials & Design 205 (2021) 109754
the metal surface. Additionally, peening with femtosecond laser
produces much smaller melted and heat-affected zones than that
with nanosecond laser, thus providing a guarantee for superior sur-
face quality. Although there have been a few studies focused on the
metallic surface peening using femtosecond laser pulses to
improve the surface hardness, corrosion resistance and fatigue
properties [16–18], the underlying peening mechanism at atomic
view is still elusive.

In this work, we studied the femtosecond laser peening (FLP) on
stainless steel surface without sacrificial overlay and confinement
medium. Ultra-high-density low-energy femtosecond laser pulses
were directly irradiated on the steel surfaces under atmospheric
condition. The elastic modulus and hardness were measured to
investigate the peening effect, as well as the surface topography
and roughness. Temperature evolutions of electrons and lattices
during FLP process were obtained from finite element analysis.
To gain atomistic insights, we conducted molecular dynamics sim-
ulations by combining the classical two-temperature model and
shock-compressive model. The mechanically enhanced mechanism
by FLP was further revealed at atomic level.
2. Methods

2.1. Experiments

The commercial ANSI 304 and 301 stainless steel samples were
prepared in a 10 � 10 � 1 mm3 rectangular shape. Prior to the FLP
process, all stainless steel samples were polished using the SiC
papers. The roughness grades of the SiC papers were from 800 to
5000. Then the samples were immersed in deionized water under
ultrasound for twenty minutes, following the ethanol cleaning for
twenty minutes. After those pretreatments, the laser peening pro-
cess was conducted on the sample surfaces.

The Yb: KGW laser was used in the FLP process with 200 kHz
repetition rate in a femtosecond laser micromachining system
(FemtoLAB, Light Conversion, Holland). The schematic of optical
setup in the laser system is displayed in Supplementary Informa-
tion Figure S1. Samples were mounted on a high-precision posi-
tioning stage. FLP process on sample surface was monitored by a
CCD system. Schematic illustration of the FLP process and laser
scanning model were presented in Supplementary Information Fig-
ure S2. The laser pulse was peened on the sample surface without
coating and confinement at normal incidence. The central wave-
length of the femtosecond laser was 1026 nm. The full width at half
maximum (FWHM) of the laser pulse was around 190 fs. The laser
spot diameter was approximately 10 lm, generated by a
5 � microscope objective lens (NA = 0.13, Olympus). The laser
energy density was controlled by changing the pulse density and
single pulse energy. In the FLP experiments, we chose four pulse
energies of 0.25, 0.375, 0.5 and 0.625 lJ (laser fluence of 0.3,
0.45, 0.6 and 0.75 J cm�2), three pulse densities of 2 � 108,
4 � 108, and 6 � 108 mm�2, thus generating twelve cases on each
sample surface for comparison. The optical images of these twelve
cases were shown in Supplementary Information Figure S3. It was
demonstrated that there were no periodic nano structures induced
by such high-density low-energy femtosecond laser pulses.

The elastic modulus and hardness of the sample surface before
and after FLP process were measured by nanoindentation tests,
implemented in a Hysitron Tribolndeter system (Tl 950, Hysitron
lnc., USA). A standard Berkovich probe was used in the tests with
a tip radius of 50 nm. The nanoindentation test was repeated
(n = 32) at regular ordered spots in each case. The load–displace-
ment relationships recorded from the tests were utilized for the
elastic modulus and hardness calculation. Surface topography
and roughness examination of the sample underwent laser
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peening were performed using a three dimentional optical surface
profiler (NewView 9000, ZYGO Corp., USA), with a sampling area of
87 � 87 lm2.

2.2. Finite element analysis

We carried out the modified two-temperature model by means
of finite element analysis to study the distinct thermal field evolu-
tions of electrons and lattices during FLP process. Four cases with
various laser fluence of 0.3, 0.45, 0.6 and 0.75 J cm�2 were con-
ducted. The laser pulse duration was set 200 fs. The electron–pho-
non coupling constant for iron is 5.5 � 1018 W m�3 K�1 [19]. Time
step was set 10 fs and totally simulated time was 5000 fs. Initial
ambient temperature was 298 K and the electrons and lattices
temperature evolutions were recorded based on the two-
temperature equation.

2.3. Molecular dynamic simulations

Molecular dynamic simulations were performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) package, which was a powerful tool to study shock
wave effect [20]. Simulation box of 20 � 20 � 20 nm3 in BCC
atomic structure with a lattice constant of 2.85 Å was used for
the molecular dynamic simulations of FLP process at temperature
of 300 K. The periodic boundary condition was applied to all the
three directions. We adopted the embedded-atom-method (EAM)
empirical potential to describe the Fe-Fe interactions owing to its
good applicability for metals [21]. Prior to the laser peening pro-
cess, the original atomic structure was equilibrated for 50 ps in
NVT ensemble. All simulation results were obtained in NVE ensem-
ble. Laser peening effect on iron surface atoms was achieved by
combining the two-temperature model and compressive-deform
model. The defect evolutions and dislocation analysis were per-
formed using OVITO package [22].

2.4. Results and discussion

We carried out the laser peening experiments on the 304 stain-
less steel with a series of pulse energies in the same pulse density
(2 � 108 mm�2). Such a setup is to find out the proper pulse energy
that avoids the ablation on the steel surface. The surface morphol-
ogy with and without femtosecond laser irradiation is shown in
Fig. 1a. The ablation appears when the pulse energy is over
0.6 lJ, corresponding to a laser fluence of 0.72 J cm�2. Therefore,
we adopted four pulse energies of 0.25, 0.375, 0.5 and 0.625 lJ in
the laser peening experiments. It should be noted that the thresh-
old fluence of ablation is variant at different pulse energies and
densities due to the nonlinear absorption of the steel surface.

After FLP process without coating on the target surface of ANSI
304 stainless steel, the mechanical properties have changed signif-
icantly. Fig. 1b and c summarize the elastic modulus and hardness
changes of the sample surface with laser peening in various pulse
energies and laser energy densities. The surface mechanical prop-
erties change slightly with relatively low-energy–density laser
peening (around 0.5 � 104 J cm�2). As the laser energy density
increases to 1 � 104 J cm�2, both the elastic modulus and hardness
have a dramatic enhancement, compared with the pristine 304
stainless steel. When the laser energy density is over 2 � 104 J
cm�2, there is a capped reinforcement on the mechanical proper-
ties of the stainless steel surface. Specially, the pulse energy of
0.625 lJ has overcome the threshold of ablation, thus breaking
the crystallization on the steel surface and wakening the mechan-
ical properties. Furthermore, the elastic modulus and hardness are
increased with the laser energy density (pulse density) at the same
single pulse energy.



Fig. 1. (a) Femtosecond Laser irradiation on ANSI 304 stainless steel with varied pulse energies from 0.1 lJ to 1.2 lJ with an increment of 0.1 lJ, corresponding to laser fluence
ranged from 0.12 J cm�2 to 1.44 J cm�2 with an increment of 0.12 J cm�2. (b) elastic modulus, (c) hardness, (d) Sa and (e) Sq versus the laser energy density of ANSI 304
stainless steel surface with femtosecond laser peening (FLP) without coating in pulse energies from 0.25 lJ to 0.625 lJ, corresponding to laser fluence from 0.3 J cm�2 to
0.75 J cm�2. Both the elastic modulus and hardness have a significant enhancement after FLP process, compared with pristine 304 stainless steel, in addition to a slight
increase in surface roughness. Surface topography of (f) pristine ANSI 304 stainless steel, steel surface processed by FLP (g, h, i) with pulse energy of 0.25 lJ (fluence of
0.3 J cm�2) and laser energy density of 0.5, 1, 1.5 � 104 J cm�2, respectively. (Sa: arithmetic mean deviation of surface roughness; Sq: root mean square deviation of surface
roughness; Sz: maximum height of profile.)
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The most important finding is that the lower pulse energy case
with higher pulse density has a much better enhancement on the
surface strength at the same laser energy density. In all our cases,
the lowest pulse energy case (0.25 lJ) with the laser energy density
of 1.5� 104 J cm�2 produces the highestmechanical strength on the
ANSI 304 stainless steel surface, with an increase of 22.3% and 18.8%
corresponding to the elastic modulus and hardness, respectively,
compared with pristine 304 stainless steel. FLP process achieved
the surface reinforcement on both the linear and nonlinearmechan-
ical properties simultaneously, consistentwell with a previous laser
peening study on ANSI 304 stainless steel [23]. The mechanically
strengthened steel surface canhave a better performance in stability
and resistance for foreign object damage at practical applications.

Besides the reinforcement on mechanical strength, the surface
roughness is another key indicator of the surface quality. For exam-
ple, a surface with a larger roughness is more prone to the corro-
sion. Fig. 1d and e illustrate the surface roughness increasing
after FLP process. Almost all the cases have an increase less than
two times, either arithmetic mean deviation or root mean square
deviation of the surface roughness. Fig. 1f presents the surface
topography of the pristine ANSI 304 stainless steel before peening,
which is a reference to the laser peening cases. Surface topography
of the low-energy laser peening cases with pulse energy of 0.25 lJ
is displayed in Fig. 1g, h, and i, corresponding to laser energy den-
sities of 0.5, 1 and 1.5 � 104 J cm�2, respectively. The surface
roughness is increased after laser peening process, which is a com-
mon phenomenon in previous studies [24–26].

Due to the feature of ultra-fast, high-precision and high-
efficiency of the femtosecond laser processing, the surface rough-
ness only increases slightly (at the same order of magnitude). As
a comparison, the roughness caused by nanosecond laser peening
is approximately from 0.07 to 1.1 lm [24]. The femtosecond laser
peening has much smaller surface roughness than that of nanosec-
ond laser peening. Therefore, femtosecond laser peening is of
greater value in surface roughness control in practical high-
quality industrial applications.
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To verify the universality of the low-energy FLP process on the
austenitic steel alloys, we also conducted the FLP experiments on
ANSI 301 stainless steel surface. Figure S4a and b present the com-
parison in the elastic modulus and hardness of the pristine 301
stainless steel and various laser peening cases. The elastic modulus
is decreased in varying degrees for different laser peening cases
except the case with the lowest pulse energy of 0.25 lJ. Neverthe-
less, we found that the hardness was enhanced considerably (an
increase of 33.6%) with the laser pulse energy of 0.375 lJ, mean-
while, the elastic modulus is reduced slightly. Our experimental
result of enhancement on surface hardness agrees well with the
previous studies conducted by nanosecond laser peening [14,27],
indicating that low-energy FLP process can produce the mechani-
cal reinforcement in the same degree with conventional high-
energy nanosecond laser peening.

Laser-driven temperature evolution is one of the most impor-
tant phenomena in the laser-metal interactions. It is demonstrated
by Bertsch et al. that thermal distortions significantly influence the
origin and organization of the dislocation microstructures [28],
which has a dramatic effect on the macroscopical mechanical
properties of the stainless steels. According to the two-
temperature model, the initial temperature of lattices is much
lower than electrons in common metals, as the pulse duration of
femtosecond laser is far below the electron–phonon coupling time.
Therefore, we studied the temperature fields of the electrons and
lattices at various laser fluences from 0.3 J cm�2 to 0.75 J cm�2

using finite element analysis. The computational domain of the
finite element model is 6 lm in radial direction and 1 lm in z
direction, displayed in Figure S5a.

Fig. 2a summarizes the temperature evolutionsof the lattices and
electrons at central point with laser fluences of 0.3, 0.45, 0.6 and
0.75 J cm�2. The maximum electron temperature and final lattice
temperature at the laser-focused point are increased with the laser
fluence. Additionally, due to the relatively much higher electron–
phonon coupling parameter (5.5 � 1018 W m�3 K�1) in common
metals, the electron–phonon coupling in iron is completed in 1 ps.



Fig. 2. (a) Temperature evolutions at the laser-focused point versus time of the electrons and lattices at varied laser fluences from 0.3 J cm�2 to 0.75 J cm�2 with an increment
of 0.15 J cm�2. The solid and dotted lines denote the temperatures of electrons and lattices, respectively. (b) Temperature field evolutions in irony finite element model of the
electrons and lattices at laser fluence of 0.45 J cm�2. The electron temperature rapidly reaches the maximum around 0.2 ps by laser heating, then decreases because of the
electron–phonon coupling effect. While the lattice is gradually heated by the hot electrons. (c) Pressure in z direction versus time during the laser peening process with laser
fluences from 0.3 to 0.75 J cm�2. With the increase of the simulated time and compressive strain, the pressure in z direction (Pz) is increased significantly in all the cases.
Meanwhile, the Pz is higher with larger laser fluence due to more intense shock wave produced by higher laser energy. (d) Defect evolutions versus time during the
femtosecond laser peening process at the longitudinal cross-section. The cases with laser fluences of 0.45 and 0.75 J cm�2 are displayed. At initial setup of this section, two
typical edge dislocations and a circular vacancy defect were introduced to mimic the real situation of the iron substrate. (e) Initial defects in iron substrate and defect
distribution after femtosecond laser peening with laser fluence of 0.3 J cm�2, 0.45 J cm�2, 0.6 J cm�2 and 0.75 J cm�2. (f) Various defect types formed after femtosecond laser
peening.

P. Wang, Q. Cao, S. Liu et al. Materials & Design 205 (2021) 109754
For better understanding the heat transport between the elec-
trons and lattices, we take the case of 0.45 J cm�2 as an instance
to display the temperature fields of electrons and lattices at varied
moments, shown in Fig. 2b. The two-temperature model well
describes the thermal field changes of electrons and lattices at
the initial moments of the low-energy femtosecond-laser peening
process on the iron surface. The results of two-temperature finite
element analysis show that the lattices temperature is far below
the melting temperature during the femtosecond laser peening,
evidencing the athermal processing.

Besides the extremely nonequilibrium temperature fields for
electrons and lattices, the direct irradiation of ultrafast femtosec-
ond laser pulses can introduce an intense shock wave into the
metal surface [29], resulting in high density defects and even the
permanent plastic deformation. To reveal the underlying surface-
enhanced mechanisms at atomic level, we conducted the molecu-
lar dynamic simulations of the FLP process without confinement
medium and sacrificial overlay by combining the two-
temperature model and compression-deform model. Figure S5b
4

shows the BCC iron substrate in the size of 20 � 20 � 20 nm3.
The laser shock is imposed in z direction.

Fig. 2c displays the pressure change in z direction versus time at
varied laser fluences from 0.3 to 0.75 J cm�2. The changes in Pz
reflect the transformation from atomic kinetic energy strength-
ened by shock wave to potential energy of the plastic strain during
the laser peening process. The higher Pz reveals the strengthened
local stress produced by various defects, for instance, dislocations,
multifarious stacking faults and mechanical nanotwins.

Fig. 2d presents the evolution of the atomic defects versus time
at the central longitudinal cross-section. The point defects increase
due to the temperature rise and compressive pressure in the lat-
tice, especially in the case with relatively higher laser fluence of
0.75 J cm�2. While the dislocations experience fracture, nucleation
and extension, partial pre-existing dislocations were broken owing
to the compressive stress wave. The broken dislocation fragments
were re-extended due to the increasing atomic mismatches
induced by the compressive stress. Meanwhile, some dislocations
were nucleated around the existing defects. Moreover, the
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interactions between the circular vacancy and dislocations acceler-
ate the evolution of the dislocations. The deformation and exten-
sion of the circular vacancy evolve into a defect mesh, forming
lots of local stress and enhancing the lattice strength.

The strength of metal lattice is determined by the plastic-
deformation-carrying capacity of the initial defects (mainly
vacancy defect and dislocations) and the subsequent defect evolu-
tion. In particular, the dislocation nucleation and motion result in
permanent plastic deformation in metal materials, which effec-
tively changes the elasticity (Young’s modulus) and yield limit
(yield strength and hardness). Hence, extensive attentions have
been paid to the control of nucleation and the confinement of slip
for dislocations to strengthen the metals, for example, the source-
controlled dislocation nucleation in nano-twined metals [30], the
classical Hall-Petch strengthening by increasing the dislocation
pile-up at grain boundary via grain refinement [31,32], the disloca-
Fig. 3. (a) Dislocation density, (b) total dislocation length, (c) defect volume fraction ve
0.75 J cm�2. Both the dislocation density and length are increased with time and compre
the increasing rate of dislocation density and total length versus laser fluence is enlarged
during femtosecond laser peening. We set eight dislocations and a sphere vacancy with
which possesses vacancies and dislocations. Defect mesh, mainly consisting of point
movement. Additionally, the multiplication of dislocations and complex interactions be
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tion confinement by both grain boundaries and mechanical nan-
otwin boundaries in nanocrystalline-nanotwinned metals [33]. In
the FLP process on stainless steel surface, various defect types were
formed such as point defect, stacking faults, dislocations and twins.
Those defects in different types intertwine with each other, result-
ing in unevenly distributed local stress fields that suppress the dis-
location movement. This is a multiscale multispecies dislocation
pinning.

Fig. 2e presents the defect distribution in the simulated iron
substrate after FLP process with varied laser fluence from 0.3 to
0.75 J cm�2. The defect density is increased significantly with laser
fluence owing to the increasing lattice temperature and compres-
sive strain rate, especially for the dislocation and stacking faults.
It is reported that the profuse defect clusters are attributed to
the ultrahigh strain rate and compressive pressure driven by fem-
tosecond laser shock [34]. The shock wave produces ultrahigh peak
rsus time in the femtosecond laser peening process with laser fluence from 0.3 to
ssive strain. On account of the nonlinear absorption of laser energy by iron surface,
, as well as the defect volume fraction. (d) Evolution of dislocations and defect mesh
the radius of 1 nm in the original atomic configuration to model a real bulk steel

defects and stacking faults, can have a significant inhibition effect on dislocation
tween various defect types also enhance the mechanical strength of bulk iron.



Fig. 4. Comparison in surface smoothness grade and hardness enhanced factor
produced by nanosecond and femtosecond laser peening with and without
protective coating [2,3,5–8,14–18,23–26]. NLP and FLP represent nanosecond and
femtosecond laser peening with a protective coating, respectively. NLPwC and
FLPwC represent nanosecond and femtosecond laser peening without coating,
respectively. Surface smoothness grade 1, 4,7 and 10 correspond to roughness 80,
10, 1.25 and 0.16 lm, respectively.
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pressure, providing enough driven energy to form stacking faults
and nanotwins. Moreover, new defect clusters incline to develop
at locations around the existing point or line defects. Thus, abun-
dant stacking faults, dissociating dislocations and mechanical
twins connect, overlap and coexist with each other, forming extre-
mely complex local stress fields and nano-structures, as illustrated
in Fig. 2f. These stiff nano structures make the lattice stronger to
carry plastic deformation, enhancing the mechanical properties
of the iron bulk.

In addition to plenty of local stress fields, the confinement of
dislocation motion and dislocation multiplication are other impor-
tant reasons for surface enhancement by femtosecond laser peen-
ing. To quantify the dislocation evolution, the statistics of
dislocation density, total length and defect volume fraction are
presented in Fig. 3a, b and c, respectively. Fig. 3d exhibits the
nucleation and development versus time of the dislocation and
defect mesh. In the cases with laser fluence less than 0.6 J cm�2,
a small amount of defect meshes impede the dislocation propaga-
tions just like some pinning points. It requires more energy for the
dislocations to continuously move along the slip plane, as Peach-
Keehler forces to drag the movement of dislocations. The pinning
effect on dislocation slip can delay the onset of plastic deformation
and enhance both the elastic mechanical property and ultimate
yield strength.

While for the case with laser fluence of 0.75 J cm�2, plentiful
stacking faults are tangled with or without dislocations, reducing
the space for elastic deformation and thus weakening the elastic
mechanical property to a certain extent. In this situation, the hard-
ness is still relatively high due to lots of local atomic stress fields,
agrees well with our experimental result of stainless steels. Fur-
thermore, dislocation multiplication is another significant phe-
nomenon during laser peening process, which strengthens the
iron lattices according to Taylor hardening law [35]. So far, produc-
ing high-density dislocations is still an important and effective
method for improving metal strength [36,37]. The nucleation, mul-
tiplication and intertwining of the new dislocations during FLP
process change the preceding slip direction and make the slip more
difficult, thus effectively improving the mechanical properties.

At high-fluence case of 0.75 J cm�2, the sharp increase of dislo-
cation density and defect mesh reflects the transformation of
deformation state from elastic to plastic of the iron bulk under
the laser-driven shock wave. Before the initiation of the severe
plastic deformation, the slight multiplication of dislocation and
defect mesh can enhance both the linear and nonlinear mechanical
properties. That is why we chose the ultra-low pulse energy and
ultra-high pulse density for the FLP process. Our experiments
and simulations demonstrate a new reinforced mechanism which
can avoid the severe plastic destroy on metal surface and produce
an effective enhancement in the meantime.

Our simulations reveal the relationship between mechanical
enhancement by FLP on stainless steel surface and microcosmic
defect motion. While the present simulations were primarily
focused on the defect pinning effect and dislocation multiplication,
the retardation on dislocation movement by grain boundary was
manifested to effectively strengthen metals [38]. Further models
need to investigate the interactions between the dislocations and
grain boundaries, as well as the grain refinement during the FLP
process.

Laser peening technology is developing with two trends, one is
from with-coating to without-coating, and the other is from
nanosecond laser to femtosecond laser. In the conventional
nanosecond laser peening process, the surface melting and
destruction is a tough nut due to the high-energy ns-laser pulse,
usually with the surface roughness increase more than a dozen
times [5,24,26]. In this work, most low-energy femtosecond laser
peening cases produce a roughness increase less than two times.
6

Meanwhile, the low-energy FLP process enhances the hardness in
a factor of 1.33, in the same degree as the high-energy ns-laser
peening [14,23]. Compared with a previous FLP study conducted
by Kawashima et al. [18], our peening model with ultrahigh pulse
density and ultralow pulse energy produce a higher hardness
enhancement and a lower roughness increase.

Fig. 4 presents the comparison on surface smoothness grade
and hardness enhancement for different laser peening types.
Generally, it is almost impossible to precisely control the high-
temperature and high-pressure process on metal surface intro-
duced by high-energy nanosecond laser pulses. Thus, nanosecond
laser peening usually produces a much larger roughness increase
(more than 1 lm). While for the femtosecond laser pulses, even
very low energy can induce an intense shock wave into metal sur-
face. Therefore, in the peening situations driven by low-energy
high-frequency femtosecond lasers, the maximum temperature
can be controlled under the melting point using a proper pulse
energy and laser energy density. FLP process achieves a nonde-
structive surface enhancement on mechanical strength, which
exhibits a broad prospect in practical applications of high-quality
high-strength surface manufacture.
3. Conclusions

We have investigated the nondestructive laser peening via fem-
tosecond laser by means of experiment, finite element analysis,
and molecular dynamics simulations. The mechanical properties
of stainless-steel surface were enhanced by ultrahigh-pulse-
density ultralow-pulse-energy femtosecond laser peening without
protective coating at atmospheric condition. With a pulse energy of
0.25 lJ (fluence of 0.3 J cm�2) and a total laser energy density of
1.5 � 104 J cm�2, femtosecond laser peening produces the
improvement of 22.3% and 18.8% for elastic modulus and hardness
on ANSI 304 stainless steel surface, respectively, as well as surface
roughness increasement lower than double. Additionally, surface
hardness enhancement for ANSI 301 stainless steel reaches 33.6%
by presented low-energy femtosecond laser peening. Compared
with conventional high-energy nanosecond laser peening,
low-energy femtosecond laser peening achieves mechanical
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enhancement and low roughness simultaneously, in addition to
higher precision and much lower thermal effect. The results of
two-temperature finite element analysis show that the lattices
temperature is far below the melting temperature during the
femtosecond laser peening, evidencing the athermal processing.
Molecular dynamics simulations reveal that pinning effect on dis-
location motion by defect mesh, dislocation multiplication and
intertwining considerably impede the dislocation slip and move-
ment, thus effectively improving both the linear and nonlinear
mechanical properties. Our study evidences the feasibility of the
novel low-energy femtosecond laser peening technology and pro-
vides atomistic insights into its strengthening mechanism.

Author Contributions

P.W., Q.C. and Q.P conceived the idea and wrote the paper. P.W.
did the experiments and simulations. P.W., and S.L. performed the
data analysis and modified the draft. All the authors had full dis-
cussions and comments on the paper.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgments

We acknowledge the generous financial support from the Strategic
Priority Research Program of Chinese Academy of Sciences under
Grant (No. XDA25040201), and the National Natural Science Foun-
dation of China (No. 51727901). Q. P. would like to acknowledge
the support provided by the Deanship of Scientific Research
(DSR) at King Fahd University of Petroleum & Minerals (KFUPM)
for funding this work through project No. DF201020. The numeri-
cal calculations in this paper were conducted on the supercomput-
ing system at the Supercomputing Center of Wuhan University.

Data Availability

All data generated or analyzed during this study are included in
this published article and its supplementary information files.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.matdes.2021.109754.

References

[1] R.D. Tenaglia, D.F. Lahrman, Surface treatment shock tactics, Nat. Photonics 3
(5) (2009) 267–270.

[2] S. Kalainathan, S. Prabhakaran, Recent development and future perspectives of
low energy laser shock peening, Opt. Laser Technol. 81 (2016) 137–144.

[3] Y. Liao, S. Suslov, C. Ye, G.J. Cheng, The mechanisms of thermal engineered laser
shock peening for enhanced fatigue performance, Acta Mater. 60 (13) (2012)
4997–5009.

[4] V.I. Chukwuike, O.G. Echem, S. Prabhakaran, S. AnandKumar, R.C. Barik, Laser
shock peening (LSP): Electrochemical and hydrodynamic investigation of
corrosion protection pre-treatment for a copper surface in 3.5 % NaCl medium,
Corros. Sci. 179 (2021) 109156.

[5] Y. Sano, K. Masaki, T. Gushi, T. Sano, Improvement in fatigue performance of
friction stir welded A6061–T6 aluminum alloy by laser peening without
coating, Mater. Des. 36 (2012) 809–814.

[6] I. Yakimets, C. Richard, G. Béranger, P. Peyre, Laser peening processing effect on
mechanical and tribological properties of rolling steel 100Cr6, Wear 256 (3)
(2004) 311–320.

[7] C.S. Montross, T. Wei, L. Ye, G. Clark, Y.-W. Mai, Laser shock processing and its
effects on microstructure and properties of metal alloys: a review, Inter. J.
Fatigue 24 (10) (2002) 1021–1036.
7

[8] C. Ye, S. Suslov, B.J. Kim, E.A. Stach, G.J. Cheng, Fatigue performance
improvement in AISI 4140 steel by dynamic strain aging and dynamic
precipitation during warm laser shock peening, Acta Mater. 59 (3) (2011)
1014–1025.

[9] A.W. Warren, Y.B. Guo, S.C. Chen, Massive parallel laser shock peening:
Simulation, analysis, and validation, Inter. J. Fatigue 30 (1) (2008) 188–197.

[10] N. Kalentics, E. Boillat, P. Peyre, S. Ćirić-Kostić, N. Bogojević, R.E. Logé, Tailoring
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